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Topological insulators are a class of quantum
materials in which time-reversal symmetry, rel-
ativistic effects and an inverted band structure
result in the occurrence of electronic metallic
states on the surfaces of insulating bulk crys-
tals. These helical states display a Dirac-like
energy dispersion across the bulk bandgap, and
they are topologically protected. Recent the-
oretical results have suggested the existence of
topological crystalline insulators, a novel class of
topological insulators in which crystalline sym-
metry replaces the role of time-reversal sym-
metry in ensuring topological protection.1,2 In
this study we show that the narrow-gap semi-
conductor Pb1−xSnxSe is a topological crys-
talline insulator for x = 0.23. Temperature-
dependent angle-resolved photoelectron spec-
troscopy demonstrates that the material under-
goes a temperature-driven topological phase tran-
sition from a trivial insulator to a topological
crystalline insulator. These experimental findings
add a new class to the family of topological insu-
lators, and we anticipate they will lead to a con-
siderable body of additional research as well as
detailed studies of topological phase transitions.
The discovery of topological insulators (TI) is one of
the most important recent developments in condensed-
matter physics.3–9 In these new quantum materials, time-
reversal symmetry and strong relativistic (spin-orbit) ef-
fects require that the bulk insulating states are accom-
panied by metallic helical Dirac-like electronic states on
the surface of the crystal. These surface states are en-
coded in topologically nontrivial wave functions of va-
lence electrons and robustly resist non-magnetic disor-
der. The three-dimensional (3D) TIs Bi2Se3, Bi2Te3, and
Bi1−xSbx, along with their two-dimensional (2D) coun-
terparts, which consist of HgTe/Hg1−xCdxTe quantum
wells, are considered to be model systems for this class of
materials.3–8 Novel quantum magnetotransport, magne-
tooptical and thermoelectric effects are expected in these
materials, and the heterostructures composed of TIs and
superconductors or ferromagnets.3–6
In the search for new TI materials, the IV-VI semicon-
ductors10–12 PbTe, PbSe, and SnTe, as well as their sub-
stitutional solid solutions, Pb1−xSnxTe and Pb1−xSnxSe,
have already been studied. However, these materials
have been identified as trivial insulators in the topological
classification of materials.9 Several routes have been pro-
posed to overcome this limitation by removing the four-
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FIG. 1. Pb1−xSnxSe alloys as topological crystalline
insulators. The composition dependence of the bandgap of
Pb1−xSnxSe at various temperatures. The experimental data
at T = 300 K, 195 K and 77 K are from infrared absorp-
tion studies, and the p-n junction laser emission studies of
Strauss et al..14 The broken line for very low temperatures is
an extrapolation based on both the known bandgap of PbSe
(Eg = 0.165 eV at T = 4 K) and the composition depen-
dence parameter dEg/dx = −0.89 eV.
14 Positive bandgaps
correspond to topologically trivial materials with PbTe-like
or PbSe-like band symmetries. The materials with negative
bandgaps (the yellow region) are topological crystalline insu-
lators (TCI), with the bulk bandgap being open but having
the (SnTe-like) inverted symmetry of the conduction and va-
lence bands.2 The yellow-hatched region shows the composi-
tion and temperature ranges in which the TCI states exist in
the Pb1−xSnxSe alloy at ambient pressure.
fold valley degeneracy, e.g. by applying uniaxial strain9
or exploiting the anisotropic energy quantisation of elec-
trons confined at an interface.13
Recent theoretical studies have proposed the idea of
a new class of TIs, namely, topological crystalline in-
sulators (TCI), in which specific crystalline symmetries
warrant the topological protection of metallic surface
states.1,2 The first material that has been theoretically
identified as a TCI is SnTe.2 Unfortunately, SnTe crys-
tals are known to be heavily p-type, due to an exception-
ally high concentration of electrically active Sn vacancies.
2FIG. 2. Band structure calculations of Pb1−xSnxTe. Theoretical tight-binding model calculations (in the virtual crystal
approximation) of the band structure of a 280 monolayer (i.e. about 90 nm) thick slab of Pb1−xSnxTe substitutional alloys
with varying Sn content. a, Trivial insulator case (x = 0.2). b, Zero bulk bandgap case (x = 0.381). c, TCI case (x = 0.6).
d, SnTe TCI case (x = 1). The densely packed lines represent the bulk states and the separated single lines correspond to
the surface states. The wave functions of the surface states decay exponentially with the distance from the surface. The lines’
colour changes from yellow to blue depending on the cation (yellow) and anion (blue) p-type orbitals dominant contribution
to the state’s wave function. Above the critical Sn composition xc these contributions are exchanged between the top of the
valence and the bottom of the conduction bands (band inversion).
The TCI states are not occupied15 and thus difficult to
observe experimentally. Conversely, in the Pb1−xSnxTe
and Pb1−xSnxSe alloys, the chemical potential can easily
be tuned during the crystals’ growth or annealing to yield
n-type or p-type conductivity, which makes them more
suitable for experimental investigations concerning the
TCI state. The substitution of Sn for Pb in these alloys
strongly changes the relativistic effects and results in a
compositional evolution of their band structures, as pre-
sented in Figure 1 for the selenide materials system.14,16
An increasing Sn content leads to a closing of the bulk
bandgap at a specific critical alloy composition xc. For
higher Sn contents, the bandgap opens again, with the
parity of the electronic states at the band edges having
been reversed, i.e., the situation is analogous to SnTe.
In addition, Figure 1 indicates that for a Sn content of
0.18 ≤ x ≤ 0.3, a temperature-driven transition between
a normal state and an inverted bandgap state occurs at a
critical temperature Tc. Pb1−xSnxSe both crystallises in
the rock-salt crystal structure and has a direct electronic
bandgap (Eg ≤ 0.29 eV), which is located at four equiva-
lent L(111) points on the edge of the Brillouin zone.10,11
A strong indicator of Pb1−xSnxSe being a TCI would
be the formation of Dirac-like surface states that cross
the bandgap. This phenomenon would only occur in the
inverted bandgap state and therefore for T < Tc.
3We applied angle-resolved photoemission spectroscopy
(ARPES) to determine experimentally the surface elec-
tronic band structure for a temperature range covering
the band inversion. We found strong evidence for the TCI
state in Pb0.77Sn0.23Se at temperatures below the band
inversion temperature Tc. Additionally, a temperature-
controlled topological phase transition from a trivial in-
sulator (T > Tc) to the TCI state (T < Tc) was ob-
served. We note that while the TCI state is topologically
protected by crystalline symmetries,1,2 the spin-orbit in-
teraction is important in determining the actual band
ordering and the details of the electronic structure in
PbTe- and PbSe-based semiconductors and it is there-
fore expected to contribute to spin-polarisation effects
and backscattering protection of the TCI surface states
in these materials similar to what is observed in conven-
tional TIs.
To verify the applicability of the TCI concept to the
Pb1−xSnxTe and Pb1−xSnxSe substitutional alloys, we
theoretically studied their electronic structures and their
band inversions when x = xc. Tight-binding calcula-
tions were performed for (001)-oriented 280-monolayer-
thick crystal slabs of PbTe, SnTe, and Pb1−xSnxTe al-
loys, with the Sn content varying across xc. The tight
binding parameters for PbTe and SnTe were taken from
Lent et al..17 The analysis of the substitutional alloys
(0 < x < 1) was performed using the virtual crystal ap-
proximation (VCA), which provides a good description of
the band inversion.18,19 In contrast to SnTe, which has
the same structure as rock-salt, SnSe crystallises in an
orthorhombic structure, and the tight binding parame-
ters for rock-salt SnSe crystals are not known. Still, in
the Sn content range x ≤ 0.4, the alloys Pb1−xSnxTe and
Pb1−xSnxSe share the same rock-salt crystal structure,
and their electronic bands have a notably similar sym-
metry. The band-structure parameters display the same
dependence on temperature, pressure and chemical com-
position. Therefore, all of the qualitative conclusions of
the theoretical analysis carried out for the Pb1−xSnxTe
alloy remain valid for the Pb1−xSnxSe alloy.
The results of the tight-binding calculations for
Pb1−xSnxTe are presented in Figure 2 for a Sn content
of x = 0.2, 0.381, 0.6, and 1. The k = 0 value corre-
sponds to the X point of the surface Brillouin zone (the
projection of the L(111) points in the bulk crystal onto
the (001) surface, see Fig. 3d). For the critical com-
position xc = 0.381 (Fig. 2b), the crystal bandgap in
Pb1−xSnxTe is still slightly open due to the finite thick-
ness of the slab (the confinement effect) as verified by a
thickness-dependence analysis shown in the Supplemen-
tary Information, section S5. Surface states with disper-
sion curves notably separated from the dominant ‘bulk’
lines have been identified. For SnTe (x = 1, Fig. 2d), our
calculations confirm the key theoretical finding reported
by Hsieh et al., i.e. the presence of surface states crossing
the bandgap along the X–Γ direction.2 The qualitative
difference observed between the Pb1−xSnxTe alloy with
x = 0.2 (Fig. 2a) and x = 0.6 (Fig. 2c) is the same differ-
ence that is expected in a temperature-range-controlled
band-inversion experiment using Pb0.77Sn0.23Se, i.e., a
transition from a 100 meV bandgap to a 100 meV in-
verted bandgap. We note that the dispersive surface
states exist for crystals with Sn content below, as well
as above the critical composition xc.
The surface states are observed at the edges of both
the valence and the conduction bands. However, only
for crystals with an inverted band ordering (x > xc) we
observe the TCI electronic states closing the bandgap
in the X–Γ direction. Therefore, our calculations con-
firm that the TCI states are present in the Pb1−xSnxTe
and Pb1−xSnxSe alloys when the tin content x > xc,
i.e., when there is an inverted band ordering like the
one found in SnTe.2 We note, that this conclusion was
reached in the virtual crystal approximation and is ex-
pected to be valid for physical effects involving extended
Bloch-like 2D and 3D electronic states. A detailed anal-
ysis of the influence of local nanoscale electronic disor-
der, inevitably present in substitutional alloys, on the
TCI states (e.g. possible opening of the gap at the Dirac
point) is a new intriguing theoretical challenge.
ARPES is a powerful technique for directly probing the
electronic structure of solids. Due to its surface sensitiv-
ity, this technique is particularly well-suited for study-
ing surface states, and it can therefore be used to verify
the existence of TCI surface states in Pb1−xSnxSe. Fig-
ure 3 displays results from the ARPES measurements
performed using photons with an energy of 10.5 eV
and at various temperatures on the (001) surface of
a Pb0.77Sn0.23Se monocrystal (for crystal growth de-
tails see Methods and Supplementary Information, sec-
tion S1). In Figure 3a, energy-momentum slices parallel
to the X–M direction (line a in Fig. 3d) are shown as a
function of temperature, indicating the presence of sur-
face states over the complete temperature range. The
surface-state’s nature is confirmed by photon-energy de-
pendent measurements (for details of ARPES measure-
ments see Methods and Supplementary Information, sec-
tion S2). Figure 3a also shows that upon lowering the
temperature, the surface states evolve into an X-shaped
state that is similar to the Dirac fermion states that
are characteristic for TIs. In the dispersion along the
Γ–X direction, which is shown to the left of the ver-
tical dashed line in Figure 3b, a similar temperature
dependence is observed, indicating the formation of a
Dirac cone at temperatures below 100 K, where the Dirac
point is located on the Γ–X line at 0.023 A˚−1 on the
near side of X . Along the X–M direction, the surface
state remains gapped at all temperatures, as may be ob-
served in Figure 3b to the right of the vertical dashed
line. The low-temperature data presented in Figure 3b
(cut along line b in Fig. 3d) are qualitatively well re-
produced by the calculated band structure presented in
Figure 2c, which shows a gapless state along the Γ–X
direction and a gapped state along the X–M direction.
Figure 3c presents stacked constant-energy slices for se-
lected equidistant binding energies at T = 9 K. At this
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FIG. 3. ARPES studies of the (001) surface of Pb0.77Sn0.23Se monocrystals.
20 a, The temperature dependence of the
ARPES spectra in the vicinity of measured with 10.5 eV photons. The data are recorded along line a in d. They clearly show
the evolution of the gapped surface states (for T ≥ 100 K) into the Dirac-like state upon lowering the temperature (T = 9 K).
b, The ARPES data along the same k-space line as in Figure 2 (Γ–X–M) as indicated in d. c, The corresponding selected
constant-energy surfaces close to at T = 9 K. d, A sketch of the 3D Brillouin zone and its projection on the (001) surface zone
of Pb0.77Sn0.23Se. The lines a and b correspond to the data shown in a and b, respectively.
temperature, the X point in the surface Brillouin zone is
located at (kx, ky) = (−0.732, 0) A˚
−1, and consequently,
the right and left Dirac points, which are observed at
Eb = 130 meV, belong to the first and second surface
Brillouin zones, respectively, as indicated in Figure 3d.
Apart from the Dirac-like states discussed above, the
spectra shown in Figure 3 also contain intensity “inside”
the surface bands. This spectral weight can be related
to the bulk conduction and valence bands, both occupied
due to the n-type nature of the studied sample. These
features are discussed in more detail in the Supplemen-
tary Information (section S2).
Pb1−xSnxSe alloys are known for high electron mo-
bility (up to about 30000 cm2/Vs for Pb0.77Sn0.23Se at
liquid-helium temperatures21) related to very small effec-
tive masses and large dielectric constants that effectively
screen the charge scattering centres.10,11,21,22 Therefore,
this TCI materials system provides a unique platform for
experimental studies of magnetotransport phenomena in
the high mobility TCI regime.
We experimentally studied the temperature and mag-
netic field dependence of the longitudinal and trans-
verse components of the magneto-resistivity tensor in
both the trivial insulator and the TCI regimes. We
found that the Hall electron concentration was only
weakly temperature-dependent (Supplementary Informa-
tion, section S3, Supplementary Fig. 8), as expected for
a strongly degenerate semiconductor.21,22 The magnetic
field characteristics of both the magnetoresistance and
the Hall effect display clear nonlinearities, as shown in
the Supplementary Information (section S4, Supplemen-
tary Fig. 9). Similar anomalies have been observed in
bismuth-based TIs.23–26
The observed nonlinearity of the Hall resistivity sug-
gests two additive contributions to the conductivity ten-
sor, of which one can be assigned to the bulk conduction
(see the Shubnikov-deHaas magnetoresistance oscialla-
tions presented in Supplementary Fig. 10). Even though
it is tempting to consider the TCI surface state as the
second conduction channel, the strong domination of the
bulk conductivity in our n-type Pb0.77Sn0.23Se samples
does not permit such an unambiguous identification.
Altogether, our low-temperature photoemission find-
ings provide conclusive evidence that the Pb0.77Sn0.23Se
crystal is a TCI. By exploiting the temperature depen-
dence of the band inversion, we observe a topological
phase transition from a trivial insulator with gapped
surface states to a TCI with Dirac-like metallic surface
5states. This transition occurs at the band-inversion tem-
perature Tc . 100 K. The doping and tuning possibil-
ities available in Pb1−xSnxSe, as well as the possibility
of selectively removing the crystal symmetry protection
of the Dirac states by means of crystal distortion, opens
the door to considerable future developments.
METHODS
The preparation of the highest quality materials was
essential for the studies presented here. Pb0.77Sn0.23Se
single crystals exhibiting a rock-salt structure were grown
by the self-selecting vapour growth (SSVG) method
under near-equilibrium thermodynamic conditions,27,28
where the specific profile of the temperature field en-
sures contact between the growing crystal and the crys-
tal’s own source material only. This method offers
unique advantages in the growth of compositionally uni-
form solid solutions of high crystal quality and natural
(001) facets (Supplementary Information Fig. 4). For
our photoemission and magnetotransport studies, par-
allelepiped samples were cleaved from the bulk crystals
along the (001) crystal planes (see the AFM microscopy
pictures in Supplementary Information Fig. 5). All sam-
ples were prepared such that they possessed n-type con-
ductivity, which was performed to achieve both occupied
conduction-band and TCI states.
Angle-resolved photoemission spectroscopy studies
were carried out on the (001) surface of cleaved sin-
gle crystals. These studies were performed using lin-
early polarised light having photon energies between
10.5 eV and 40 eV. Temperature-dependent photoemis-
sion experiments were performed at the BALTAZAR
laser-ARPES facility29 using 10.5 eV photons. The total
energy and crystal-momentum resolution for these mea-
surements were 5 meV and 0.008 A˚−1, respectively. The
single crystal used in the temperature study was cleaved
at room temperature under ultra-high-vacuum (UHV)
conditions. The photoemission spectra were acquired at
selected temperatures in the range of 9 K to 300 K. Com-
plementary measurements at higher photon energies and
temperatures as low as 110 K have been conducted us-
ing the I4 beam line30 at the MAX III synchrotron at
MAX-lab, Lund University.
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CHEMICAL CHARACTERIZATION
The method of self-selecting vapour growth (SSVG)
was applied to manufacture Pb0.77Sn0.23Se monocrystals
(Supplementary Fig. 4) of excellent crystal structure as
well as chemical homogeneity. The SSVG method is par-
ticularly suitable for optimisation of the latter because
the crystals grow in a near-equilibrium regime. More-
over, the temperature profile set in the technological fur-
nace ensures growth of a crystal in exclusive contact with
its source material. In the case of the considered alloy,
the method allows controlling deviations from stoichiom-
etry to achieve (without heterodopants) the required n-
type conductivity with a moderate electron concentra-
tion. The SSVG method was successfully employed by
one of us (A.S.) to grow monocrystals of various II-VI
and IV-VI semiconductor compounds and their solid so-
lutions.27,28
X-ray diffractometry (XRD) analysis of the crystal
structure of Pb1−xSnxSe was done at room temperature
for both as-grown and freshly cleaved (001) crystal sur-
faces as well as for powdered polycrystals. It revealed
the rock-salt single-crystal phase with a lattice parameter
a = (6.0979±0.0006) A˚ corresponding to a Sn content of
x = 0.228±0.005.28 XRD rocking-curve measurements of
the (002) diffraction peaks yield a full width at half max-
imum parameter ∆ω = (70 to 150) arcsec for various
(001) surfaces. The chemical composition of the crystals
was determined by energy-dispersive X-ray spectroscopy
(EDX) using a scanning electron microscope SEM Hi-
tachi SU-70 equipped with a Thermo Scientific NSS7 mi-
croanalysis system. Probing different places (over an area
of 1 mm2) of a sample freshly cleaved (in air) we found
a Sn content of x = 0.234± 0.005.
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FIG. 4. As-grown Pb0.77Sn0.23Se bulk monocrystal.
The mirror-like planes at the front part of the crystal are
natural (001) facets of a rock-salt-type crystal.
The surface morphology of Pb0.77Sn0.23Se crystals was
studied using a Dimension Icon Atomic Force Micro-
scope (AFM). The measurements were carried out for
(001) surfaces prepared by cleaving the crystals in air
at room temperature. Supplementary Fig. 5 presents
an AFM image for an area of 1 × 1 µm2 and the sec-
tion analysis taken along the indicated line. The root-
mean-square surface roughness parameter for this area
equals 6.8 A˚ (i.e., about just one lattice parameter). The
freshly cleaved (001) surface consists of large atomically
flat regions with small vertical steps with heights of a
few monolayers. Time-dependent AFM measurements of
a cleaved surface exposed to air showed substantial sur-
face contaminations appearing after 1.5 hours.
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FIG. 5. Morphology of the (001) surface of a
Pb0.77Sn0.23Se crystal. Atomic force microscopy (AFM)
image of a (001) surface of a bulk crystal freshly cleaved in
air at room temperature. The height differences between the
points marked with green and red arrows equal 6.8 A˚ and
11.5 A˚, respectively. The macroscopically large region be-
tween the black arrows is atomically flat.
S2. ANGLE-RESOLVED PHOTOEMISSION
MEASUREMENTS AT VARIOUS PHOTON
ENERGIES
Supplementary Fig. 6 shows three sets of selected
constant-energy surfaces for Pb0.77Sn0.23Se, in the vicin-
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FIG. 6. Selected constant-energy surfaces of the Pb0.77Sn0.23Se surface state for the photon energies 17.5 eV, 25 eV and 40 eV.
ity of the X point, measured at a temperature of 110 K
using photon energies of 17.5 eV, 25 eV, and 40 eV with
corresponding overall energy resolution of 25 meV to
40 meV. The data were acquired at the I4 beam line
of the MAX III synchrotron at MAX-lab, Lund Univer-
sity, Sweden. As seen in the figure, the spectral weight is
shifted when changing the photon energy. For the mea-
surements at 25 eV and 40 eV the part of the surface
state located in the second Brillouin zone (BZ) is the
most intense. At a photon energy of 17.5 eV the most
intense part shifts from the first BZ for high binding en-
ergies (below the Dirac points) to the second zone for
lower binding energies (above the Dirac points). Apart
from these intensity variations the position of the Dirac-
like feature with respect to the surface Brillouin zone is
independent of photon energy (within the limits of exper-
imental accuracy) suggesting that the observed feature is
indeed a surface electronic state.
Comparing energy-momentum slices from the data sets
taken at different photon energies also confirms that the
feature has virtually no photon-energy dependence. Sup-
plementary Fig. 7 displays such energy-momentum slices
through the Dirac point located in the second surface BZ
(analogous to Fig. 3a in the main text) for the photon
energies 10.5 eV, 17.5 eV, 25 eV and 40 eV. The cuts
are parallel to the M–X–M direction. The 10.5 eV data
are taken at the BALTAZAR laser ARPES facility at a
temperature of 100 K and the 17.5 eV, 25 eV and 40 eV
data are acquired at the I4 beam line of MAX III at a
temperature of 110 K. Disregarding for the moment the
intensity differences, a clear X-shaped state is seen for
all photon energies. However, for the 17.5 eV data the
Dirac point is shifted about 55 meV towards lower bind-
ing energy as compared to the 10.5 eV measurement. A
slight further shift towards lower binding energy is ob-
served for the other measurements. The 10.5 eV data
were recorded within 12 hours after cleaving whereas the
17.5 eV, 25 eV and 40 eV data were recorded at 80 hours,
85 hours and 100 hours post cleaving, respectively. Thus,
the shift in binding energy is likely related to the aging
of the surface due to residual gas adsorption. Similar
observations have previously been made for topological
insulators, e.g. Bi2Se3, for which the Dirac point shifts
towards higher binding energy upon gas adsorption and
these shifts can amount to several hundred millielectron-
volt.31 In the present case, the shift is towards lower bind-
ing energy and seems at first glance to be of smaller mag-
nitude. In the Bi2Se3 case, the adsorbtion of residual gas
is accompanied by the appearance of quantum well states
that display a large Rashba split.31 For Pb0.77Sn0.23Se,
neither the laser-based data nor the synchrotron data
show any clear sign of quantum well states or other ad-
ditional surface-related states.
Employing a free-electron model with an inner poten-
tial of 15 eV deduced from normal emission data, for
states close to the Fermi energy at X the photon ener-
gies 10.5 eV, 17.5 eV, 25 eV and 40 eV correspond to
kz values 2.2, 2.5, 2.9 and 3.4 (in units of 2pi/a, where
a = 6.075 A˚), respectively. However, it should be kept in
mind that the kz resolution in the studied photon-energy
range is very limited as a consequence of the high surface
sensitivity. Nevertheless, different kz values are probed
and bulk-related dispersive features are expected to dif-
fer. The lack of dispersive differences for the Dirac state
between the data sets once more confirms the surface
nature of the observed state.
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FIG. 7. Energy-momentum slices across the surface Dirac cones in Pb0.77Sn0.23Se taken at the photon energies 10.5 eV, 17.5 eV,
25 eV and 40 eV.
Looking in more detail at the intensity “inside” the
Dirac state it is clear from Fig. 3 in the main text that
this intensity in the 10.5 eV data is partially originat-
ing from the “second cone”, which has its Dirac point
located on the other side of X . This is not the case for
the higher photon energy measurements since the shift
of the chemical potential causes this contribution to lie
above the Fermi level. However, from Supplementary
Fig. 7 it is apparent that bulk features contribute to the
intensity “inside” the cone since it changes as a function
of photon energy. The Fermi level intensity varies with
photon energy as does the intensity close to ky = 0 for
high binding energies. The high intensity at the Fermi
level in the 17.5 eV data and at higher binding energy
in the 25 eV data might indicate that the corresponding
points in reciprocal space are close to a conduction-band
minimum and a valence-band maximum, respectively, al-
though final-state effects and the limited kz resolution
hinder a more accurate determination.
Returning to the Dirac state, looking at the intensity
variations between the different photon energies one ob-
serves that the expected increase in intensity at the Dirac
point (c.f. Fig. 3a in the main text), due to the band
crossing, is not present. This indicates that the gap is
not yet fully closed and that the transition temperature
is slightly below 100 K. Some of the data seem to indi-
cate a closed gap but caution is called for since intensity
variations as a function of photon energy might mask a
small gap. Such variations are clearly present since at
10.5 eV the main intensity is in the part above the Dirac
point whereas the opposite is true for 40 eV. Also, the
intensity at the Dirac point is varying across the photon
energies used. The difference in energy resolution be-
tween the laser ARPES and synchrotron measurements
provides another potential explanation for the apparently
closed gap in parts of the data.
S3. ELECTRICAL PROPERTIES
The samples for electron transport measurements were
prepared from as-grown bulk crystals by cleaving along
three mutually orthogonal (001) planes to get standard
parallelepiped Hall-bars of typical dimensions 2 × 2 ×
7 mm3. Directly after cleaving, six contacts were made
by soldering with indium. The low-field (B = 0.5 T)
Hall effect and resistivity measurements were performed
in a continuous-flow helium cryostat with a DC current
of 50 mA applied along the [100] crystallographic di-
rection. The electron transport parameters (resistivity,
Hall electron concentration and Hall mobility) presented
in Supplementary Fig. 8 were obtained considering one
transport channel only in the analysis, as usually done
for characterisation purposes.
S4. HIGH-FIELD MAGNETOTRANSPORT
MEASUREMENTS
The high-field measurements of the resistivity tensor
components ρxx and ρxy were carried out in a liquid-
helium cryostat equipped with a B = 13 T supercon-
ducting solenoid. The magnetoresistance presented in
Supplementary Fig. 9a is of usual orbital origin with char-
acteristic two-carrier conductivity contributions. Supple-
mentary Fig. 9b displays the as-measured experimental
data for the transverse ρxy tensor component, which af-
ter the subtraction of linear terms were transformed to
the ∆ρxy curves shown in Supplementary Fig. 9c.
10
0 50 100 150 200 250 300 350
0
1x10-3
2x10-3
3x10-3
a)
U

(:
cm
)
T (K)
0 50 100 150 200 250 300 3501x10
18
2x1018
3x1018
n
H
 
(cm
-
3 )
T (K)
b)

0 50 100 150 200 250 300 350
0
2000
4000
6000
8000
10000
c)
P
H 
(cm
2 /V
s)
Temperature (K)
FIG. 8. Electrical characterisation of Pb0.77Sn0.23Se crystals. Temperature dependence of the resistivity (a), the Hall
electron concentration (b), and the Hall electron mobility (c) determined from low-field classical transport measurements.
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FIG. 9. High-field magnetotransport measurements The high-field longitudinal resistivity ρxx (a) and transverse resis-
tivity ρxy (b) of the Pb0.77Sn0.23Se sample at several temperatures. (c) presents the ρxy data after subtraction of the linear
term.
The experimentally observed magnetic field nonlinear-
ities in the ρxy tensor component and the non-quadratic
magnetoresistance indicate the presence of at least two
parallel conduction channels. The dominant conduction
channel can be identified as a bulk conduction band con-
tribution. The identification of the other electronic chan-
nel needs further magnetotransport studies, in particular
for samples with lower bulk electron concentration.
The good electrical quality of the Pb0.77Sn0.23Se crys-
tals reflected in the high electron mobility permits
the experimental observation at very low temperatures
of quantum oscillations of the magnetoresistance (the
Shubnikov-de Haas effect, SdH). The SdH oscillations in
n-Pb0.77Sn0.23Se displayed in Supplementary Fig. 10 are
of bulk (3D) origin. This was confirmed in a tilted-field
experiment, where the magnetic-field positions of the os-
cillations did not change with the tilting angle. The elec-
tron concentration (in a single energy valley) obtained
from the analysis of the period of the SdH oscillations
(nSdH = 8× 10
17 cm−3) perfectly corresponds to the to-
tal concentration obtained from the low-field Hall effect
(nH = 3.2× 10
18 cm−3). The factor of 4 difference is due
to the L valley 4-fold degeneracy in Pb1−xSnxSe. Since
the bulk contribution dominates the total conductivity
at low temperatures, the SdH oscillations due to topo-
logical surface states are not visible in our crystals. The
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FIG. 10. Shubnikov-de Haas oscillations The high-field
magnetoresistance data recorded for a Pb0.77Sn0.23Se sample
at the temperature T = 4.2 K in tilted magnetic fields. The
tilting angle β is the angle between the external magnetic field
and the normal of the (001) sample plane.
very small contribution of surface states to the conduc-
tivity at low temperatures is typically observed in other
well established topological insulators.23–26
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S5. TIGHT-BINDING (TBA) CALCULATIONS:
THE CRYSTAL-SLAB-THICKNESS
DEPENDENCE
In the case of the critical Sn composition xc = 0.381
the calculated fundamental bulk bandgap at the L point
of the Brillouin zone is closed. However, in our calcu-
lations performed for crystal slabs of finite thickness we
observe a small gap at the X point. This effect is due
to the electron confinement as verified by the calculation
of the bandgap dependence on the crystal-slab thickness.
We have calculated the bandgaps at various points of
the surface Brillouin zone for Pb1−xSnxTe crystal slabs
of varying thickness up to about 160 nm. Supplementary
Fig. 11 presents the results in two cases. For the funda-
mental gap at the X point in the crystal with critical Sn
content (x = xc) the finite-size effect is clearly observed.
The bandgap is inversely proportional to the slab thick-
ness (blue line), as expected, and decreases asymptoti-
cally to zero with increasing slab thickness. In contrast,
the surface states bandgap in the X–M direction in the
crystal with a Sn content x = 0.6 (red line) remains con-
stant for thick slabs thus proving its intrinsic origin. In
this case the gap is not determined by the electron con-
finement. Its apparent dependence on the thickness for
very thin slabs stems from the surface wave functions
overlap.
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FIG. 11. TBA calculations of the crystal-slab-thickness
dependence of energy gaps in Pb1−xSnxTe. The blue
line shows the bandgap at the X point in Pb1−xSnxTe with a
Sn content x = xc = 0.381, whereas the red line displays the
bandgap on the X–M line for a Sn content x = 0.6. For the
Sn content range investigated, the thickness of one monolayer
is about 3.2 A˚.
